areavailable for themathematicalformulationand sample applica-This paper compares twopreviously published design proc.edums tions ofthesetwodesign techniques with specific application profor twodifferent multivariable control design techniques forap-oedures (Athans, 1986andGarg, 1993. Bothofthesedesign techphcation to alinear engine modelof a jet engine.The twomultivari-niques have been reviewed when applied to aircraft flight control ablecon_ol design techniquescomparedwere theLinear Quadratic systems, thispaperreviews the design techniques and application Gaussian with Loop TransferRecovery (LQG/LTR)and the H-In-procedures when applied to the turbofan engine control problem. finity(Hoo)synthesis.Thetwocontroldesigntechniqueswereused
The engine transient control mode was selected because of inherent properties for directly controlling the engine operating line The output vector is :
during transient operation (Larkin, 1994) , while providing rapid precise controlof engine thrust. The three controlloops are the ratio Y = [OPR, EPtL N1, N2] T
[5] of burner pr_ssur_to inlet pressure (OPR), the ratio of nozzle pressure to inlet pressure (EPR), and High Rotor Speed (N2).The Conand the outputs a_ defined as: troller ontputs are main burnerfuel flow (WF), nozzle exit area (AJ) OPR = Ratio of Burner Pressure/Inlet Pressure and rear compressor inlet variable guide vanes (RCVV). The con- (Dimensionless) trol specification is to track the input commands while maintaining EPR = Ratio of Nozzle Pressure/Inlet Pressure zero steady-state error in a de-_oupled manner.The desired band- (Dimensionless) widths for a11the controlloops are 10 (radians/second). N1 = Low Pressure Compressor Speed (RPM) N2 = HighPressure CompressorSpeed (RPM).
Controller Synthesis
Thesetwocontroller synthesis procedures areofparticular inter-OPR, EPR andN2 are thesensed outputs forthe control loops and est becauseof the ease in solving multivariable control problems N1 is used for the inner loop scheduling for the LOwCompressor with available commercial software analysis tools to assist in the Inlet Variable Vanes (CIVV).This model is a perturbation model numerical computations. These procedures require a minimal and model inputs and outputs are deltas from thenominal operating amount of effort to setup the designplants and the computationscan point. CIVV is scheduled open loop as a function of N1 and is in-easily be repeated for numerous applications without significant cluded in the synthesis b¢canseofits' transient effects onEPR.The changes to the design setup. Both LQG/LTR and Hao controller scale factor for CIVV/N1 is 0.01244 Degrees/RPM.Thenumerical synthesis procedureswerecompletedusing MATRIXxwith Robust values for the system matrices: Aeng,Beng, Ceng,Deng, for the ca-Control Module, and other in house analysis tools. ginemodel are listed in the appendix.
The LQG/LTR synthesis was completed using the method described in (At.hans,1986) . In this method, the calculation of the LQG/LTRcontroller is straight forward in that the control system Actuator Model designer specifies a properly scaled nominal plant model and appends the necessaryintegrators to meet the command following and Q The actuator dynamics are represented as first order lags with distm'baace rejectionperformance specifications.The control sysloop gains of 25 radians/second for the W'F, CIVV,and RCW tern designer definesa target feedback which recovers the controller loops.The AJ actuator loop is represented by a second order system outputs loop via a Kalman Filter and solves the Ricatti _uation to with _ = 0.45 and _= 55.8 in serieswith a ftrstorder lag with a loop obtainthe full statefeedbackgain matrix. See Figure 2 for the LQG/ , LTRcompensator stracture.In Figure 2 , A, B and C representthe of another set of integratorsin the controller implementation.The matricesfor the design plant. Additionally, thisLQG/LTRcontrol-resulting LQG/LTRcontroller was 17thorder,the threestatesofenlersynthesisprovidessome highly desirablestabilityguarantees,60 gine model, six states of the actuator model and three additional , degreesphase marginand6 dB gain margin. This particularsynthe-statesfor the augmentedplant and three states forcontrollerintegrasis does not however directly addressany controlusage and control tom to account for the augmented plant. rate considerations. The concept of controlusage and controlrates will be discussed furtherin the PerformanceAnalysis Section.
€
The LQG/LTR design requiresa properly scaled nominal plant. Garg, (1989) discusses the importanceof scalingthe nominalplant in termsof the singular values of the controlleroutputs.Improperly scaled nominal plants can result in very poor targetfeedback loops and thus poor controllers. Other design techniques (I_arkin,1985) In_ ,_ Engine/ L..j _ Sealed Outputs which recover the target feedback loops at the controller inputs do _ "_ -2.22 notrequire the same attentionto scaling to obtain good target feedbackloops. The scale factors werechosen as the inverse of the nominaloperating point for the engine model inputs and outputs, except for the RCW scale factor.The RCW range of motion is-35.0 to +5.0 degrees, and the initial condition of the control input for the modelselection is 0.0.Therefore theinverse of the rangeofmotion was chosen as the scale factor for the RCVV loop. Thecompleteac-FIGURE 3. AUGMENTED SCALED LQG/LTR DESIGN tuator dynamicswere included in the LQG/LTRnominalplant rood-P I.ANT el.
The Hoo engine control design problem is formulated as a commandtracking,disturbance rejectionproblem within the framework of the generalmixed sensitivity Hoo control problem (Chiang and Satonov, 1988) . The detailed block diagram for the H*o formulation of the engine control design is shown in Figure 4 . In Figure 4 Obtaining an acceptablecontroller required a minimal numberof The terms WS(S), WT(S ) , and Wc(s ) are the weighting functions iterations. After controllersynthesis was completed the bandwidth that the control designer uses as "knobs" to tune the controller K(s) specification was checked,the target feedbackloop designwas too-such that the control design objectives are met. For the command dified and the process wasrepeated until design specificationswere tracking and disturbance rejectionproblem at hand, Ws(s) should • met. The LQG/LTR synthesisresulted in a controller which met the be chosen to be large at low frequencies and sma!l at high frequen-10 radian/second bandwidth specification while maintaining loop cies to ensure good command tracking, while WT(S)should be chode-coupling. This particular design procedure requires the inclu-sensmallatlowfrequenciesandlargeathighfrequencies to ensure sion of integrators in the scaled design plant and then the inclusion robustness to high frequency uumodeled dynamics, and We(s) is chosen to ensure that achievable actuation bandwidths and control sensitivity weighting functions, and three states for the complimenrates and control usage are obtained in the controller K(s).
tary sensitivity functions.
The H 0o synthesis requires normalization of the plant inputs and A sample of the closed loop frequency response of the OPR loop outputs, so that the controller calculation is based upon the unity in-for both the Hoe and LQG/LTR controllers is shown in Figure 5 . = puts and outputs in the norm that is being minimized. The normal- Figure 5 shows that the both controllers have approximately I 0 mization factors are chosen by a simple analysis of the engine model dians/second closed loop frequency response, with adequate loop that requires stepping each of the engine model inputs (WF, AJ, de-coupling. One significant item which should be noted is the rela-RCW) either ten percent of their base values or ten percent of the tire rate of"roll off' for the command loops. TheE ooshows a faster full range of motion and observing the change in the engine model roll offrate than the LQG/LTR. The LQG/LTR design procedure deoutputs which are used as controller inputs (i.e., OPR, EPR, N2).
fines target feedback loops which provide a 20d.B/decede roll off The inverse of the maximum of the changes in the controller inputs rate which is then recovered in the LQG/LTR controller loops. The is then selected as the output normalization factors, and the maxi-Hoo controller design procedure provides a roll off rate which can mum of the changes in the controller inputs is selected as the com-be adjusted through the combination of the sensitivity and complimand normalization factor. The conta-ol usage and control rate mentary sensitivity weighting factor functions which can be ad- )))))))))_ _ Weighted namics, as these dynamic effects present significant dynamic intererrors _¢nmtivty actions at 15radianslsecond. Butthis wouldresult ina full order _ wei_ted controller that is ISth order in size and could only be reduced to an Semcitivty_ 9th order controller. It was expected that either controller could be reducedto less thana6th ordercontroller, representative of a secondordercontrollerforeachofthethreecontrolloops.Theeigen-valuesfortheLQG/LTRfullordercontrollerandthereducedorder controller are shown in Table i . -4) .001 -4).001 The Hoo synthesis was completed using the methoddescribed in -0.001 -0.001 (Garg,1993) . Obtaining a suitable controller required a minimal i-0.001 --0.001 number of iterations. After the controller synthesis was completed -0.3898 -0.3898 the bandwidth specification was checked. The sensitivity and com--2.0596 -2.0596 plimentary sensitivity weighting factors, Ws(s) and WT(S), were adjusted and the process was repeated. TheH_ controllerreductionalsorequired several attempts,and trol usage and rates utilized during these tasks will be di_cfly it yielded an 8th order con_-oller.The H_ controllerwasfirstmod-compared.
ally residudized from a 15th order to 12th order. Then a frequency The magnitude of the controlloop steps was the same asthe cornweighted internally balancedreduction producedthe final 8th order mend scaling usedin the H_ controller synthesis.The step magnicontroller.Both controllerreductionsfailed to achieve the expected rode is a veryimportant considerationin this analysis.The range of 6th order orless controller.The eigenvaluesfor the H_ full order
Overall PressureRatio (OPR) is 1-30.0, the range forEngine Pres-, controllerend the reduced order controllerare shown in Table2. sure Ratio (EPR)is 1-3.5 andthe range for High Rotor Speed (N2) Figure 6 ).
plication computerin terms of data storage requirements andcom-Both the LQG/LTRand Hm controllers showed very small perputer through put capability. Implementation of theH=o8th order turbations in the inactive controllerloops while exercisingthe corncontrollerwill require data storage for 121 separate gainsand ira-mand steps (See Figure6) . These peru_ations were all less than plementationof the LQG/LTRllth order controller will require five percent of the nominal operating point and neither controller data storage for 198separate gains.In a like manner,the computa-showed a distinctive capabilityover the other in terms loop de--coutiond requirements for the LQG/LTR controller am much larger piing. This verifies the loop de-coupling characteristicas specified then that of the H= controller.The LQG/LTRwill require 1820 in the controller requirements def-mition. computationsfor each calculationcycle while the Hm willrequire 803 computations for each calculationcycle. This assumesthat the Figure7 shows the steady state control usage for each of the steps controller has a notr--zeroD matrix and no attempts to minimize the is similar indicating that the operating point was achieved in the controller form, suchas convertingto theobserver canonical format same manner,which is expected for the three input by three output for the controllers was attempted, controller.The controller t_ensitionedfrom the initial conditionto The relative data storage requirements and computational re-the exact same operating conditionfollowing the transient. quirements clearlyindicate the H= based controlleras the control-
The controlrate activity for the transients was very different.The ler of preference ff the decision were basedupon application issues LQG/LTR routinely required "excessive" control rates to achieve alonewith allother factorsbeing equal. Theincreasing capabilityof the commended step response. This excessive control rate activity available computer systems in terms of data storage capability end was not isolated m a single loop.This is illustrated in the commanprocessor cycle time could very well make this a moot point. Ob-tiedstep changein the OPRloop (Figure 8) ,in which the gas generaviously, several other issues such as performance and robustness tot fuel flow rate, exhaust nozzle area rate and the rear compressor must be reviewed prior to selecting the controller design, variableinlet guide vane rate for the LQG/LTR controllerdwarf the samerates for the H,o controller.The nominalcontrol rate limitfor Performance Analysis the gas generator fuel flow loopis 13,636 Kg/hour,.The LQG/LTR In order to compare the relative merits of two controls with the controller required a gas generator fuel flow rate capability of • sameclosed loopbandwidths, the controls were integratedwith the 31,818 Kg/hour,while the H_o controller onlyrequired a rate capaengine model and some small steps were performedfor each of the bility of 5000 Ibm/hour. The nominal exhaust nozzle area control control loops.The objectiveof the performance analysis is to pro-rate limit is 0.51 M2/seoond.The LQG/LTRcontroller required an • vide a relative comparisonof each controller while performing the exhaust nozzlearearate capabilityof 0.48 M2/secondwhile the H= same task. Because the two controllers have approximately the controller required a rate capability of 0.04 M2/second. Likewise, same bandwidth specifications, the rise time, transient overshoot the rear compressor variable vane rate limit is 85 degrees/second. and settling time will be directly compared. Additionally,the con-
The LQG/LTRcontroller required a rear compressor variable vane rate capability of 100degrees/second whiletheH= controller re-therotorspeedrates,withrespectto therotorsspeedstates, andthe quireda rate capabilityof 20 degrees/second, fuelflow input. Anillustrationof theseuncertainties wouldbeat-Reviewof thetransientresponsesforallthreestepscommands tackingan uncertainty to thepartialderivativeof N1rate,withrewouldindicatethe transientactuator rate capability requirements spectwithrespecttoN2,andattachinganuncertainty tothepartial for eachcontrollersynthesis. The transientactuatorrate require-derivative ofHI withrespecttoWFGG.Thisresultsin sixuncermentsforimplementing thesecontroUer can be interpreted as the taintiesbeingintroduced tothe designplant. maximumof the actuatorrotesfromthethreestepscommandre-TheresultofthestabilitymargincalculationisshowninFigure9. , sponse. These maximums along the nominalrates are listedin 
